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Objectives

By the end of this presentation, you will have an understanding of:
• Methods to estimate PM2.5 mass concentration at surface level (µg m-3) while using 

satellite derived Aerosol Optical Depth (AOD) at visible wavelengths
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Optical Depth

The optical depth expresses the quantity of light 
removed from a beam by scattering and/or 
absorption during its path through a medium.

Optical Depth τ as:

Surface

Atmosphere
I0

I
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PM2.5

Image Credit: U.S. EPA

https://www.epa.gov/pm-pollution/particulate-matter-pm-basics
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Surface vs. Satellite Measurements

Image Credit: Gupta et al., 2018



AOD (or AOT) to PM
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Aerosol Optical Depth from Satellites
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Aerosol Optical Depth from Satellites

Aerosols

Ozone

Water Vapor + Other 
Gases (Absorption)

Rayleigh Scattering

Surface

Column 
Measurement 

10 km

• AOT(τ)= ∫βext dz
– Particle Size
– Composition
– Water Update
– Vertical Distribution

• There are satellite retrieval issues.
– Inversion (e.g., aerosol model, 

background)
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Aerosol Optical Depth from Satellites

Aerosols

Ozone

Water Vapor + Other 
Gases (Absorption)

Rayleigh Scattering

Surface

Column 
Measurement 

1-10 km

• Seven MODIS bands are utilized to derive 
aerosol properties.
– 0.47 µm
– 0.55 µm
– 0.65 µm
– 0.86 µm
– 1.24 µm
– 1.64 µm
– 2.13 µm

• 10x10 km2 resolution
• 6x6 km2 resolution
• 3x3 km2 resolution
• 1x1 km2 resolution
• 0.75x0.75 km2 resolution
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Satellite vs. Ground Observation

10 km2 Vertical Column 
Measurement

Earth’s Surface

Surface Layer

Top of the Atmosphere

Aerosol Optical
Depth

PM2.5: Mass per unit volume 
of aerosol particles less 
than 2.5 µm in 
aerodynamic diameter at 
surface (measurement 
height) level

AOD:
• Column Integrated Value 

• (Top of Atmosphere to Surface)
• Optical measurement of aerosol loading
• Unitless
• A function of shape, size, type, and number 

concentration of aerosols

PM2.5 Mass Concentration 
(µg m-3) – Dry Mass

EPA
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Support for AOD-PM2.5 Linkage 

• Satellite AOD is sensitive to PM2.5.
– Kahn et al. 1998

• Polar-orbing satellites can represent at least 
daytime average aerosol loadings.
– Kaufman et al. 2000

• Missing data due to cloud cover appear 
random in general.
– Gupta and Christopher, 2008
– Christopher and Gupta, 2010

2              4              6              8              10          12
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AOD-PM Relationship

• τ: AOD at 550 nm

• ρ: Aerosol Mass Density

• re: Particle Effective Radius

• Q: Extinction Coefficient

• H: Mixing Height

• ƒ(RH): How aerosol 
scattering changes with 
changing relative humidity

Assuming cloud-free skies, a well mixed boundary layer with no overhead 
aerosols, and aerosols that have similar optical properties*, AOD and PM2.5 can 

be related by this equation:

Source: Hoff, R. & Christopher, S., 2009
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Vertical Mixing
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Particulate Matter (PM) from Satellites

• Kaufman and Fraser, 1983, Fraser et al., 1984
– AOD and Sulfate from GOES-VISSR

• Wang and Christopher, 2003, Chu et al., 2003
– AOD & PM2.5 (and PM10) relationship

• Liu et al., 2004, van Donkelaar et al., 2006
– Used CTM to scale AODs to PM2.5

• Gupta and Christopher, 2009
– Used Artificial Intelligence to convert AOD to PM2.5

• van Donkelaar et al., 2010, 2015, 2019, 2021
– Global Product – Annual & Monthly Mean 

• Shaddick et al., 2017, 2018
– Bias corrected annual PM2.5 data for WHO, SDGs

• Di et al., 2019 – Daily CONUS PM2.5 (MAIAC)
• Hai and Kondragunta, 2021 – Hourly/Daily from VIIRS & 

GOES-R 

Web of Science

Research on AOD to PM2.5
conversion is growing 

exponentially, but we only 
have annual & monthly 

mean global products and 
no daily or sub-daily 

operational global products 
from satellites. 
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Almost Two Decades of Research and Learning

Satellite Aerosol 
Observations

Statistical 
Approach (LR, 

GWR, NN, ML)

Model Scaling 
(GEOS Chem, 
GEOS, CAMS)

Data 
Assimilation 
(GEOS, CAMS)

Hybrid 
Approach 

PM2.5 Mass Concentration 
(µg m-3)

Weather 
Data

Land 
Cover +

Hourly, 
Daily

Yearly Hourly Hourly 
to 

Yearly

Required Ground Data

Review Article
Hoff and Christopher, 2009

Li et al., 2020  
Lee, 2020 



16NASA’s Applied Remote Sensing Training Program

PM2.5 Estimation: Popular Methods
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PM2.5 Estimation: Two Variable Method (TVM)
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(Left) Chu et al., 2003; (Right) Wang et al., 2003

Simple Models from Early Days
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AOD-PM2.5 Relationship

Source: Gupta et al., 2008



20NASA’s Applied Remote Sensing Training Program

PM2.5 Estimation: Multivariable Method (MVM)
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Multivariable Method (MVM)

Predictor: AOD Predictor: AOD + Meteorology

Linear Correlation Coefficient Between Observed and Estimated PM2.5
Source: Gupta et al., 2008
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Multivariable Method – Beyond Meteorology

• Advanced Regression Analysis with More Input Parameters
– Land Cover Type
– Forest Cover, Shrub Cover
– Urban %
– DEM (Altitude)
– Road Length
– Population Density
– Snow Fraction
– Shortwave Radiation
– NDVI

https://www.sciencedirect.com/science/article/pii/S0048969719340719

https://www.sciencedirect.com/science/article/pii/S0048969719340719
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PM2.5 Estimation: Artificial Intelligence (or ANN)
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Examples of Results from ANN & RF

Source: Gupta 2009, Hu et al., 2017
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PM2.5 Estimation: Model Scaling (MSC)
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Scaling Approach

• Basic Idea:
– Let an atmospheric chemistry model decide the conversion from AOD to PM2.5.
– Satellite AOD is used to calibrate the absolute value of the model-generated 

conversion ratio.

• Satellite-Derived PM2.5 = × Satellite AOD
PM2.5

AOD
(     )

Model

Source: Liu et al., 2006
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Annual Mean PM2.5 from Satellite Observations

Source: von Donkelaar et al., 2006, 2009
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Questions to Ask: Issues

• How accurate are these estimates?
• Is the PM2.5 – AOD relationship always linear? 
• How does AOD retrieval uncertainty impact estimation of air quality? 
• Does this relationship change in space and time? 
• Does this relationship change with aerosol type? 
• How does meteorology drive this relationship? 
• How does the vertical distribution of aerosols in the atmosphere impact these 

estimates? 
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Limitation: Vertical Distribution of Aerosols

Source: Gupta et al., 2009
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Vertical Distribution: Impact on AOD-PM2.5

• Normalizing AOD with boundary layer 
height significantly improves the 
correlation with surface PM2.5 (R2

increases from 0.36 to 0.75).
• With accurate estimates of PBL height, 

AOD can be a good proxy for PM2.5.

Source: Al-Saadi et al., 2008
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Assumption for Quantitative Analysis

When most particles are concentrated and well mixed in the boundary layer, 
satellite AOD contains a strong signal of ground-level particle concentrations.

No Textbook Solution
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Use of Satellite Data

• Currently for Research & Applications
– Spatial distribution of PM2.5 on a regional to national level
– Long term trends of PM2.5

– Model calibration, data assimilation, and validation
– Exposure assessments for health effect studies
– Spatial trends at urban scales
– Improved coverage and accuracy
– Fused statistical-deterministic models

• For Regulation?
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Suggested Reading
http://www.nsstc.uah.edu/sundar/papers/2009/AWMA-proof.pdf

http://www.nsstc.uah.edu/sundar/papers/2009/AWMA-proof.pdf
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More Review Articles

http://www.mdpi.com/2073-4433/7/10/129/pdf

https://www.scie
ncedirect.com/s
cience/article/pi
i/S003442572100
5472

https://www.researchgate.n
et/profile/Hyung-Joo-
Lee/publication/348104773_
Advancing_Exposure_Assess
ment_of_PM25_Using_Satellit
e_Remote_Sensing_A_Revie
w/links/60bc5ad6458515218
f94cec3/Advancing-
Exposure-Assessment-of-
PM25-Using-Satellite-
Remote-Sensing-A-Re

http://www.mdpi.com/2073-4433/7/10/129/pdf
https://www.sciencedirect.com/science/article/pii/S0034425721005472
https://www.sciencedirect.com/science/article/pii/S0034425721005472
https://www.sciencedirect.com/science/article/pii/S0034425721005472
https://www.sciencedirect.com/science/article/pii/S0034425721005472
https://www.sciencedirect.com/science/article/pii/S0034425721005472
https://www.researchgate.net/profile/Hyung-Joo-Lee/publication/348104773_Advancing_Exposure_Assessment_of_PM25_Using_Satellite_Remote_Sensing_A_Review/links/60bc5ad6458515218f94cec3/Advancing-Exposure-Assessment-of-PM25-Using-Satellite-Remote-Sensing-A-Review.pdf
https://www.researchgate.net/profile/Hyung-Joo-Lee/publication/348104773_Advancing_Exposure_Assessment_of_PM25_Using_Satellite_Remote_Sensing_A_Review/links/60bc5ad6458515218f94cec3/Advancing-Exposure-Assessment-of-PM25-Using-Satellite-Remote-Sensing-A-Review.pdf
https://www.researchgate.net/profile/Hyung-Joo-Lee/publication/348104773_Advancing_Exposure_Assessment_of_PM25_Using_Satellite_Remote_Sensing_A_Review/links/60bc5ad6458515218f94cec3/Advancing-Exposure-Assessment-of-PM25-Using-Satellite-Remote-Sensing-A-Review.pdf
https://www.researchgate.net/profile/Hyung-Joo-Lee/publication/348104773_Advancing_Exposure_Assessment_of_PM25_Using_Satellite_Remote_Sensing_A_Review/links/60bc5ad6458515218f94cec3/Advancing-Exposure-Assessment-of-PM25-Using-Satellite-Remote-Sensing-A-Review.pdf
https://www.researchgate.net/profile/Hyung-Joo-Lee/publication/348104773_Advancing_Exposure_Assessment_of_PM25_Using_Satellite_Remote_Sensing_A_Review/links/60bc5ad6458515218f94cec3/Advancing-Exposure-Assessment-of-PM25-Using-Satellite-Remote-Sensing-A-Review.pdf
https://www.researchgate.net/profile/Hyung-Joo-Lee/publication/348104773_Advancing_Exposure_Assessment_of_PM25_Using_Satellite_Remote_Sensing_A_Review/links/60bc5ad6458515218f94cec3/Advancing-Exposure-Assessment-of-PM25-Using-Satellite-Remote-Sensing-A-Review.pdf
https://www.researchgate.net/profile/Hyung-Joo-Lee/publication/348104773_Advancing_Exposure_Assessment_of_PM25_Using_Satellite_Remote_Sensing_A_Review/links/60bc5ad6458515218f94cec3/Advancing-Exposure-Assessment-of-PM25-Using-Satellite-Remote-Sensing-A-Review.pdf
https://www.researchgate.net/profile/Hyung-Joo-Lee/publication/348104773_Advancing_Exposure_Assessment_of_PM25_Using_Satellite_Remote_Sensing_A_Review/links/60bc5ad6458515218f94cec3/Advancing-Exposure-Assessment-of-PM25-Using-Satellite-Remote-Sensing-A-Review.pdf
https://www.researchgate.net/profile/Hyung-Joo-Lee/publication/348104773_Advancing_Exposure_Assessment_of_PM25_Using_Satellite_Remote_Sensing_A_Review/links/60bc5ad6458515218f94cec3/Advancing-Exposure-Assessment-of-PM25-Using-Satellite-Remote-Sensing-A-Review.pdf
https://www.researchgate.net/profile/Hyung-Joo-Lee/publication/348104773_Advancing_Exposure_Assessment_of_PM25_Using_Satellite_Remote_Sensing_A_Review/links/60bc5ad6458515218f94cec3/Advancing-Exposure-Assessment-of-PM25-Using-Satellite-Remote-Sensing-A-Review.pdf
https://www.researchgate.net/profile/Hyung-Joo-Lee/publication/348104773_Advancing_Exposure_Assessment_of_PM25_Using_Satellite_Remote_Sensing_A_Review/links/60bc5ad6458515218f94cec3/Advancing-Exposure-Assessment-of-PM25-Using-Satellite-Remote-Sensing-A-Review.pdf
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Remote Sensing of PM2.5 – White Paper

https://ceos.org/document_management/Meetin
gs/SIT-Technical-Workshop/2022-SIT-Tech-
Workshop/Documents/CEOS%20AC-
VC%20White%20Paper%20PM2.5%20Monitoring%
20Draft-version-4.1%2026-7-2022.pdf

https://ceos.org/document_management/Meetings/SIT-Technical-Workshop/2022-SIT-Tech-Workshop/Documents/CEOS%20AC-VC%20White%20Paper%20PM2.5%20Monitoring%20Draft-version-4.1%2026-7-2022.pdf
https://ceos.org/document_management/Meetings/SIT-Technical-Workshop/2022-SIT-Tech-Workshop/Documents/CEOS%20AC-VC%20White%20Paper%20PM2.5%20Monitoring%20Draft-version-4.1%2026-7-2022.pdf
https://ceos.org/document_management/Meetings/SIT-Technical-Workshop/2022-SIT-Tech-Workshop/Documents/CEOS%20AC-VC%20White%20Paper%20PM2.5%20Monitoring%20Draft-version-4.1%2026-7-2022.pdf
https://ceos.org/document_management/Meetings/SIT-Technical-Workshop/2022-SIT-Tech-Workshop/Documents/CEOS%20AC-VC%20White%20Paper%20PM2.5%20Monitoring%20Draft-version-4.1%2026-7-2022.pdf
https://ceos.org/document_management/Meetings/SIT-Technical-Workshop/2022-SIT-Tech-Workshop/Documents/CEOS%20AC-VC%20White%20Paper%20PM2.5%20Monitoring%20Draft-version-4.1%2026-7-2022.pdf
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